The calibration errors on experimental slant total electron content (TEC) determined with global positioning system (GPS) observations is revisited. Instead of the analysis of the calibration errors on the carrier phase leveled to code ionospheric observable, we focus on the accuracy analysis of the undifferenced ambiguity-fixed carrier phase ionospheric observable determined from a global distribution of permanent receivers. The results achieved are: (1) using data from an entire month within the last solar cycle maximum, the undifferenced ambiguity-fixed carrier phase ionospheric observable is found to be over one order of magnitude more accurate than the carrier phase leveled to code ionospheric observable and the raw code ionospheric observable. The observation error of the undifferenced ambiguity-fixed carrier phase ionospheric observable ranges from 0.05 to 0.11 total electron content unit (TECU) while that of the carrier phase leveled to code and the raw code ionospheric observable is from 0.65 to 1.65 and 3.14 to 7.48 TECU, respectively. (2) The time-varying receiver differential code bias (DCB), which presents clear day boundary discontinuity and intra-day variability pattern, contributes the most part of the observation error. This contribution is assessed by the short-term stability of the between-receiver DCB, which ranges from 0.06 to 0.17 TECU in a single day. (3) The remaining part of the observation errors presents a sidereal time cycle pattern, indicating the effects of the multipath. Further, the magnitude of the remaining part implies that the code multipath effects are much reduced. (4) The intra-day variation of the between-receiver DCB of the collocated stations suggests that estimating DCBs as a daily constant can have a mis-modeling error of at least several tenths of 1 TECU.
Introduction
The total electron content (TEC) of the ionosphere, corresponding to the atmospheric layer between 60 and 2000 km in height, can be studied with a linear combination of measurements from global navigation satellite systems (GNSSs). This combination is known as ionospheric observable because it cancels the non-frequency dependent terms: the geometric distance between the receiver and the satellite, the satellite and receiver clocks, and the tropospheric delay. Thus, the remaining terms are frequency-dependent: the slant TEC (STEC) and differential code bias (DCB) of the receiver and of the satellite.
Two types of measurements are commonly used to derive the ionospheric observable. On the one hand, the pseudorange measurements that are based on the code delay. This raw pseudorange measurement, termed as RP4 hereafter, contains the sum of STEC and DCB, but it is affected by noise up to several total electron content unit (TECU). For the global positioning system (GPS) L1 observable, 1 TECU corresponds to 0.162 m. On the other hand, the carrier phase measurements are two orders of magnitude more precise than the code (Bossler et al. 1980; Braasch 1996) . However, the carrier phase measurements contain an unknown term, which is the so-called ambiguity, composed by an integer number of wavelengths. The value of the ambiguity changes every time that the receiver locks the GNSS signal of the satellite. Fortunately, it remains constant until the next tracking discontinuity occurs.
Several techniques are used to estimate the ambiguity, and then use the carrier phase measurements as precise unambiguous pseudoranges to retrieve the sum of STEC and DCB. The most widely used method is the carrier phase to code leveling process (Wilson and Mannucci 1993; Manucci et al. 1999) . The ambiguity term is estimated by averaging the difference between the carrier phase and the code per each continuous arc. The accuracy of the carrier phase leveled to code ionospheric observable, which is also called smoothed pseudorange geometry-free combination, SP4 for short, ranging from 1.4 to 5.3 TECU, is mainly affected by leveling errors introduced from the code multipath effect (Ciraolo et al. 2007; Brunini and Azpilicueta 2009) . The simplicity and effectivity of the leveling process make it preferred by most of the Ionosphere Associate Analysis Centers (IAACs) belonging to the International GNSS Service (IGS) (Dow et al. 2009; Hernández-Pajares et al. 2016) .
As the demand for high accuracy ionospheric observable increases, the ionospheric observable retrieval based on precise point positioning (PPP) technique (Zumberge et al. 1997 ) has gained interests of the ionospheric research community. Zhang et al. (2012) and Zhang (2016) reported extracting the ionospheric observable using the undifferenced and uncombined PPP technique. Further, Liu et al. (2017) extended the retrieval of the ionospheric observable from GPS-only PPP to Multi-GNSS PPP using the raw observations. Moreover, Liu et al. (2018) implemented the ionospheric observable retrieval from the post-processing to the real-time mode. The aforementioned results are based on the float ambiguity resolution of PPP. With the development of PPP integer ambiguity resolution (IAR) (Laurichesse and Mercier 2007; Collins et al. 2008; Ge et al. 2008) , Banville et al. (2012) used the integer-leveled observation based on the decoupled clocks (Collins et al. 2008 ) to monitor the ionosphere, while Rovira-Garcia et al. (2015 , 2016a extracted the ionospheric observable based on the fast-precise point positioning technique (Fast-PPP), in which the undifferenced fixed ambiguities are determined from a global distribution of permanent receivers (Juan et al. 2012) . In these works, the fixed undifferenced ambiguity terms are substituted into the geometry-free combination of carrier phases, which is usually called L4 observable, and the sum of STEC and DCB can then be retrieved from the undifferenced ambiguity-fixed carrier phase ionospheric observable, termed FL4 observable hereafter.
Regardless of the methods used to estimate the ambiguity, the STEC needs to be separated from satellite and receiver DCBs. Typical values of − 11 to 14 TECU, that is − 4 to 5 ns with 1 ns corresponding to 2.86 TECU on GPS L4 observable, have been found for the DCB of the satellites, while the receiver DCBs range from − 57 to 43 TECU (Hernández-Pajares et al. 2009 ). It is generally accepted that the satellite DCB is more stable than the receiver DCB (Sardon et al. 1994; Sardon and Zarraoa 1997) . Taking the year 2014 as an example, satellite DCBs provided by IAAC exhibited a standard deviation of 0.34-0.57 TECU, whereas receiver DCB stabilities at the level of 0.86-1.43 TECU were reported (Sanz et al. 2017) . Also, variations in the receiver DCB ranging from 1.4 to 8.8 TECU in intervals of hours have been reported (Ciraolo et al. 2007 ). This variation is thought to be attributed to temperature changes of the receiver hardware, the chain composed by the hardware in the pre-amplifier of the antenna and the cable connecting to the antenna (Coster et al. 2013; Zhang and Teunissen 2015; Zhang et al. 2017) .
We quantify the observation errors of the RP4, SP4 and FL4 ionospheric observables and then focus on the contribution of the time-varying receiver DCB to the observation errors. First, the procedure to obtain the different ionospheric observables is summarized, and then the method to assess the accuracy of the ionospheric observable throughout an experiment with collocated stations is described. After the introduction of the experimental data, the results and discussions of the accuracy assessment of the ionospheric observable, as well as the contribution of the receiver DCB are presented. Finally, we summarize the results and gather the conclusions.
The ionospheric observables
This section reviews the different procedures to retrieve the aforementioned ionospheric observables that have been used in the present study, in ascending level of accuracy: RP4, SP4 and FL4. The equations used in the derivation of the observables are explained in more detail than in Nie et al. (2018) , emphasizing the description of the strategies employed in the resolution of the carrier phase ambiguity term.
Code and carrier phase ionospheric observable (P 4 and L 4 )
The raw code and carrier phase ionospheric observable are shown as below. It is noted that the ionospheric range delay for code ionospheric observations P 4 has opposite sign than for carrier phase ionospheric observable L 4 , In the above equation, P f and Φ f are the pseudorange and carrier phase measurements at frequency f (m), K 21 is the sum of the satellite and receiver code instrumental delays (or called DCB in meters), f is the wavelength (m) and N f the integer ambiguity at frequency f (cycle), b f is a frequency-dependent bias (m), is the combination of the measurements noise and the multipath distinguishing the pseudorange P from the carrier phase L . More details can be seen in Sanz et al. (2013, Chapter 4.1) .
Also, I is defined as the ionospheric delay in the geometry-free combination as
16 m/TECU, where f is the frequency in hertz.
Taking b I = b 1 − b 2 , the ionospheric bias, which is the main limiting factor that prevents the raw carrier phase measurements being treated as precise pseudoranges, can be expressed as Therefore, the key to using carrier phase observable in STEC retrieving resides in the ability to isolate the integer ambiguities from the estimated real parameters B I and explicitly fix those values to integers (Collins et al. 2008) . In fact, the difference of the ionospheric observables SP4 and FL4 is in the procedure to resolve the ionospheric bias in (4).
Carrier phase leveled to code ionospheric observable (SP4)
One of the methods to solve the ionospheric bias is to compute the ionospheric bias aligning L 4 with P 4 , i.e., averaging the difference between the carrier phase and code ionospheric observable. For a continuous arc, assuming there are N epochs, the ambiguity term is computed as where ⟨⟩ stands for the average value for a period time of carrier phase measurements that belong to the same arc.
Combining (2) and (5), we can get the carrier phase leveled to code ionospheric observable as:
where SP4 is called the leveling error, including mainly the combination of the code and carrier phase measurement noise, as well as the multipath effects (Ciraolo et al. 2007; Brunini and Azpilicueta 2009 ).
Undifferenced ambiguity-fixed carrier phase ionospheric observable (FL4)
The ionospheric bias can also be solved by performing a precise geodetic data processing. As suggested by Geng et al. (2012) , the narrow-lane fractional cycle bias (FCB) should be determined by ambiguity-fixed network solutions. Therefore, in this work, the ionospheric bias is obtained from the undifferenced ambiguity mapped from the double difference (DD) ambiguities that are fixed from a network solution (Rovira-Garcia et al. 2016a) . After the IAR, the fractional part of the ionospheric bias can be removed using the combination of the wide-lane and narrow-lane FCB. Therefore, the integer part of the ionospheric bias can be expressed as follow:
where N w is the undifferenced unambiguous wide-lane ambiguity, B c is the undifferenced unambiguous ionospheric-free ambiguity that is reconstructed from the integer wide-lane N w and narrow-lane ambiguities N 1 , w is the wavelength of the wide-lane and n is the wavelength of the narrow-lane.
Thus, the undifferenced ambiguity-fixed carrier phase ionospheric observable can be obtained as:
where FL4 is the combined effect of the measurement noise, multipath and mis-modeling effects during the undifferenced ambiguity-fixed carrier phase ionospheric observable retrieval process.
In our experiment, the FL4 observable has been computed by the research group of Astronomy and Geomatics (gAGE), from the Technical University of Catalonia (UPC) using the Fast-PPP technique (Rovira-Garcia et al. 2016b ). The Fast-PPP Central Processing Facility (CPF) gathers actual dual-frequency GNSS code and carrier phase measurements from 150 receivers distributed worldwide to compute the FL4, the Fast-PPP ionospheric model and the DCBs. The Fast-PPP corrections calculated for the year 2014 are freely available to the public for research and comparison purposes at the server http://www.gage.upc.edu/produ cts. The strategy employed to compute the unambiguous and unbiased FL4 observable within the Fast-PPP CPF follows the procedure
explained hereafter. The first step of the practical implementation is to fix the DD wide-lane ambiguity Δ∇N w and narrow-lane ambiguity Δ∇N 1 , thanks to the accurate estimation of the ionospheric-free ambiguity Δ∇B c . The second step consists in introducing these integer values as constraints in the filter, which reduces the formal error of the ambiguity B I . These computations are done within a Kalman filter that processes the geodetic data, which is unaffected by ionosphere, and a rough ionospheric model that allows a first but coarse estimation for the DCBs, in which the DCB are assumed as a constant value for 24 h. It is worth saying that the fixing of the DD carrier phase ambiguities is not done for all the possible pairs of receivers, which would require an unaffordable time consumption. On the contrary, DD ambiguities are computed with respect to a reduced set of reference receiver, as shown in Fig. 1 .
A second filter runs parallel to the geodetic process; the ionospheric filter of the Fast-PPP CPF, which computes the ionospheric grid-based TEC model and refinement of the DCBs (ΔDCB) with respect to the coarse daily estimation into the geodetic filter. The time update in the ionospheric filter is 5 min for the ionospheric model parameters and 1 h for the ΔDCB refinements. The estimation is performed twice; as a forward and a mirror process. The forward process is intended for having real-time corrections, whereas the mirror process is intended for obtaining precise estimates to be used in post-process applications or in scientific studies. In this sense, in the forward process, the FL4 combinations that feed the ionospheric model in real-time, are obtained using the available estimation of the fixed ambiguity; the ambiguity is considered fixed when the formal error is below a pre-defined threshold of 0.5 TECU.
The mirror process estimates the DCBs and the ionospheric model in a more robust way. In this process, each continuous arc of FL4 is obtained using the final fixed determination of the carrier phase ambiguity and the coarse DCBs estimated into the geodetic filter. Because the carrier phase ambiguities are fixed, the input data for both the forward and mirror processes should be very similar except the fact that the mirror process uses data that during the forward process were not used because the ambiguities were still not fixed. This is illustrated in Fig. 2 for the receiver HERS during the day 150 in 2014. Indeed, the number of FL4s used in the mirror process, which is represented by red squares, is 34% greater than that in the forward process, which is represented by green squares. The greater number of backward measurements is especially noticeable at the beginning of the arcs.
Methodology
To assess the effects of observation error on the ionospheric observable, the so-called collocated station experiment is employed (Ciraolo et al. 2007 ). In the set-up, permanent receivers are separated from 0 to 142 m, so that the STEC measured by each pair of receivers is assumed to be the same. Taking single difference (SD) of ionospheric observables between the two receivers, for every common satellite we get a series of values free from satellite DCB, and that should ideally be the measurement noise, multipath and between-receiver DCB (BR-DCB).
In this manner, the previous equations, i.e., (1), (6) and (8) can be single-differenced for two collocated stations denoted "A" and "B" and one observed satellite denoted as "S".
For code ionospheric observable:
For carrier phase leveled to code ionospheric observable:
For undifferenced ambiguity-fixed carrier phase ionospheric observable:
where Δ corresponds to the single difference operator.
According to (9)-(11), the SDs of ionospheric observable should be free from satellite DCB and that ideally be equal to the combination of the measurement noise, multipath and BR-DCB. The standard deviation (STD) of the time series corresponding to different satellites thus can be treated as a metric for inferring the observation error, as where √ 2 stands for the SD operator under the assumption that the STD of the observation error on the collocated receivers is uncorrelated, once the ionospheric error is removed, and can be treated as the same. (10)
The preprocessing strategy for the ionospheric observables is summarized as follows: (1) an elevation cut-off angle of 7° is applied to filter the measurements with an elevated level of noise; (2) the carrier phase cycle-slip detection is based on the geometry-free combination and the Hatch-Melbourne-Wübbena (HMW) combination (Hatch 1982; Melbourne 1985; Wübbena 1985) . Specifically, to reduce the leveling errors (Ciraolo et al. 2007; Brunini and Azpilicueta 2009 ) of the SP4 observable, only those arcs containing at least 120 epochs, which is 1 h for 30-s interval data, are retained for the retrieval of the SP4 observable.
Experiments and results
The experiment has collected GPS data from nine stations, which correspond to the red triangles depicted in Fig. 1 . The data campaign extends the 3-day period analyzed in Nie et al. (2018) , comprising the day of year (DOY) 150-180 in 2014, which is during the last solar cycle maximum. All the GPS observations have been obtained from the IGS Global Data Center at CDDIS (Crustal Dynamics Data Information System, ftp://cddis .gsfc.nasa.gov) at an interval of 30 s. Table 1 presents an overview of the experimental data sets ranked according to the latitude, including the four-character station name, receiver and antenna type, and the location in latitude and longitude of the receivers. According to their collocated situation, we group these receivers into four arrays with six pairs. One of the arrays contains three receivers that can be divided into three pairs, which are the SUTH-SUTM, SUTH-SUTV, and SUTM-SUTV station pairs. The other three arrays contain two receivers each that can be divided into separate pairs. 
Accuracy assessment of the ionospheric observable
The following analysis is illustrated using one collocated station pair HERT-HERS. The results are representative of all of the other experimental pairs, summarized in what follows. Figure 3 depicts the SD of the FL4, SP4 and RP4 observables between collocated stations HERT-HERS from DOY 150-180 in 2014. It is noted that the daily mean of the SD of the FL4, SP4 and RP4 observables is removed in Fig. 3 . From the top panel, a peak-to-peak value of about 0.15 TECU of the SD FL4 observable for the station pair HERT-HERS can be observed. With a 95% significance, a peak-to-peak value means almost two times the STD. The middle panel depicts the SD of the SP4 observable using a y-scale ten times greater than in the top panel. It is apparent that the peak-to-peak value of the middle panel is larger than that of the top panel. The SD of the RP4 observable is presented in the bottom panel, with a peak-to-peak value of almost 10 TECU, indicating that the RP4 observable has the lowest accuracy.
In the top panel of Fig. 3 , the observed outliers, i.e., scatter points that deviate from the accumulation area are caused by the ionospheric bias B I , which is still not perfectly fixed to an integer. This scattering occurs due to practical reasons in the implementation of the ambiguity-fixing strategy commented earlier. In addition, a clear daily pattern can be observed into the SD FL4 values, which will be analyzed later. Apart from these, a good agreement can be found between the results in the top panel from 1 day to another, indicating a robust ambiguity solution.
To quantify the reduction of the observation error, the STD of the SD FL4, SP4 and RP4 observable are computed every day from DOY 150-180 in 2014 for the station pair HERS-HERT. The results are presented in Fig. 4 . From Fig. 4 , we can infer that the STD of all the SD ionospheric observable during the almost 1-month time, which is from DOY 150-180 in 2014, is quite stable. Taking the STD of FL4 observable as an example, it ranges from 0.05 to 0.10 TECU during the experiment campaign time. On the other hand, the standard deviation of the SD SP4 and RP4 observable, varying at about 1 and 4.5 TECU, respectively, can be found.
Finally, we average the STD values during the experimental time to represent the accuracy of the SD ionospheric observable. The results are presented in Table 2 , which summarizes the mean, STD of the SD ionospheric observable, as well as the error of the FL4, SP4 and RP4 observable for all the six pairs of collocated stations. Table 2 represents the performance of the FL4, SP4 and RP4 observable. It can be observed that in all baselines, the FL4 observable is more accurate, followed in order by the SP4 and RP4 observables. Numerically, the observation error affecting the FL4 observable ranges from 0.05 to 0.11 TECU, whereas errors for the SP4 observable range from 0.65 to 1.65 TECU and those for the RP4 observable range from 3.14 to 7.48 TECU. These values agree with the result presented in Ciraolo et al. (2007) and Rovira-Garcia et al. (2016a) , confirming that the FL4 observable is over one order of magnitude more accurate than the SP4 and RP4 observables as was reported in the 3-day study period of Nie et al. (2018) . Also, the dependence of the observation error on the receiver/antenna configuration of the collocated stations can be found. For example, the observation error of the RP4 and SP4 observables for station pairs DGAV-DGAR, SUTH-SUTM, SUTM-SUTV and OUS2-OUSD are apparently larger than the other station pairs. The reason may be attributed to that stations DGAV, SUTM and OUS2 are all equipped with JAVAD TRE_G3TH receivers, see Table 1 .
Characterizing the time-varying receiver DCB to the observation error
To quantify the contribution of time-varying receiver DCB to the observation error, the hourly receiver DCB has been first estimated by the Fast-PPP ionospheric model described earlier. Sanz et al. (2017) showed that the accuracy of the receiver DCB on a daily solution for the Fast-PPP technique, which means estimating receiver DCB as a constant in 1 day, was 0.57 TECU, while the satellite DCB accuracy was 0.20 TECU. This work has been extended to estimate the DCB on a sub-daily resolution, for example, 1 h, to see the DCB stability in a shorter time interval. The intra-day stability, including the average, minimum and maximum STD values during DOY 150-180 of 2014, are presented in Table 3 . Table 3 presents that the mean STD of the receiver DCB during the 1-month time ranges from 0.34 to 0.96 TECU, which is much larger than the FL4 observation error that ranges from 0.05 to 0.11 TECU, as presented in Table 2 .
However, as it is known, the accuracy of the receiver DCB is affected by the error of the ionospheric model, which depends on the time and location of the receiver and can be transferred to the receiver DCB (Sanz et al. 2017 ). This transference error can be eliminated using collocated receivers where the mis-modeling on the ionospheric model can be assumed to be similar, thus not affecting to the BR-DCB estimates. Therefore, the mean STD of the BR-DCB is also computed and presented in Table 3 , which ranges from 0.06 to 0.17 TECU. Considering the STD of the SD FL4 observable, which ranges from 0.07 to 0.15 TECU as indicated in Table 2 , we can infer that the time-varying receiver DCB contributes the most part of the observation errors of the FL4 observable that feeds the ionospheric model. This conclusion can also be seen from Fig. 5 , where the SD FL4 observable and BR-DCB for station pair HERT-HERS are presented together. We limit our graphical analysis to a period of 4 days, from DOY 150-153 in 2014, to present a representative result. Figure 5 depicts with red pluses the SD of the FL4 observables between HERT and HERS every 30 s, as they are input into the mirror process, which is the best determination that we can compute. In addition, the corresponding hourly BR-DCBs, which are constructed from the individual estimates from the mirror filter, are depicted with the blue rectangles. Finally, the hourly estimation of the HERS DCB, i.e., the daily rough estimation into the geodetic filter plus the refinement ΔDCB computed by the mirror filter, is depicted with green squares. Two main characteristics can be observed in Fig. 5 .
A day boundary discontinuity (DBD) These discontinuities appear because carrier phase ambiguities are constrained to integer values in DD mode, whereas the magnitudes depicted in Fig. 5 are absolute or SD measurements. Therefore, any effect that affects equally to all the satellites in view, such as a jump in the receiver DCB, does not vary the value of the DD. Because carrier phase ambiguities and DCBs are quite correlated, see (2), when one removes both parameters from the L4 to build the FL4 measurements in (8), only small discontinuities appear in the SD measurements. Thus, when common error sources, such as ionosphere, satellite orbits and clock, are mitigated by building the SDs of the collocated receivers, the error of the FL4, including DBD jumps, is at the level of tenths of 1 TECU as it can be observed in Table 3 and Fig. 5 . Nevertheless, when undifferenced parameters are considered, e.g., the DCB for the receiver HERS, the discontinuities are larger. This is related with ionospheric model inaccuracies that are transferred into the parameters estimation. Furthermore, due to the aforementioned correlations between carrier phase ambiguities and DCBs, any error in the geodetic model is also transferred into the DCBs. In any case, these discontinuities are at the level of 0.5 TECU or smaller which fully agrees with the DBDs of 0.57 TECU reported in Sanz et al. (2017) .
An intra-day variability pattern Beside the discontinuities mentioned in the previous point, the absolute receiver DCB presents a clear intra-day variation that can be larger than the DBDs. As it was pointed out in Sanz et al. (2017) , these variations can be associated to the ionospheric mis-modeling that affect the receiver DCB to a greater extent than the satellite DCBs, due to the smaller ionospheric sounding region of the stations. This mis-modeling effect is amplified in the hourly estimation of the receiver DCB compared to the daily estimate because the hourly estimation has fewer observations and thus less even distribution of the observable (Li et al. 2017) . Moreover, the ionosphere typically repeats on a daily basis, in such a way that the receiver DCB estimation absorbs the mean ionospheric errors which are similar from day to day.
However, looking at the intra-day variation of the SD values, unaffected by ionospheric errors, a remaining periodic pattern can be observed in the BR-DCBs, meaning that the ionospheric model is not the only source for this intra-day variation. Using the SP4 measurements, intra-day variations of several nanoseconds in the BR-DCBs of collocated receivers have been reported by several authors (Coster et al. 2013; Zhang and Teunissen 2015; Li et al. 2017) . However, the accuracy of the FL4 observable allows detecting intraday variations with higher accuracy. Indeed, Zhang et al. (2017) reported intra-day variations of BR-DCBs of tenths of TECU that the authors associated with temperature variations. These results agree with our results depicted in Fig. 5 and in Table 3 where variations of few tenths of TECU are observed. Notice that we obtain these similar results without computing explicitly the DD of collocated receivers, as is done in Zhang et al. (2017) , i.e., it is enough to do DD with respect to a reduced set of few tens of receivers distributed worldwide; see Fig. 1 . Finally, it is worth pointing out that these intra-day variations are observed in SD quantities, so they reflect the differential effect on the DCBs, but the effect on the undifferenced DCBs can be still larger. In other words, considering the DCBs as a constant daily parameter, as it usually assumed, can represent a mis-modeling error of at least several tenths of a TECU that can be mitigated reducing the DCB refreshing time.
Effects of multipath on the observation error
After removing the BR-DCB from the SD FL4 observable in (11), the remaining part of the observation errors includes the effects of multipath, noise and the mis-modeling of the receiver DCB. The evidence of the multipath effects, both phase multipath as well as code multipath introduced from the HMW combination, is presented in Fig. 6 .
In Fig. 6 , the remaining part of the observation errors for PRN 11 by station pair HERT-HERS during DOY 150-152 in 2014 are presented. As the multipath effects for the GPS constellation repeat with a sidereal day, which is 236 s less than a solar day, we shift UTC for the second solar day by 240 s and the third day by 480 s along the time axis to better demonstrate the sidereal day-to-day repeatability. Therefore, the multipath effects are clearly presented in the remaining part of the observation errors, especially when the elevation angle is small. Considering the magnitude of the remaining part, with a mean STD of 0.026 TECU for PRN11, which is 0.026/ √ 2 × 0.162 ≈ 0.003 m for the remaining error on GPS L1 observable in the 3 days, the code multipath effects are much reduced. Similar conclusions can be presented by other satellites or other collocated receiver pairs.
Summary and conclusion
The objective for undertaking this investigation is to quantify the accuracy of the retrieved undifferenced ambiguity-fixed carrier phase ionospheric observable. First, the undifferenced ambiguity-fixed carrier phase ionospheric observable, FL4, is obtained through the geodetic processing to reduce the code-related multipath effect. Together with the SP4 and RP4 observable, the accuracy of the FL4 observable is evaluated through the collocated experiment. Second, because the receiver DCB varies greatly and should be carefully accounted for the ionospheric observable, its contribution to the observation errors is discussed. Also, the short-term stability of the intra-day receiver DCB has been analyzed.
The conclusions are:
1. Using data from DOY 150-180 in 2014, the observation error affecting the undifferenced ambiguity-fixed carrier phase ionospheric observable is found to be 0.05 to 0.11 TECU, which is over one order of magnitude less than that of the carrier phase leveled to code and the raw code ionospheric observable, being from 0.65 to 1.65 and 3.14 to 7.48 TECU, respectively. 2. In spite of such small error in the FL4 observables, two sources of error have been identified:
(a) It has been shown that the time-varying receiver DCB, which presents clear day boundary discontinuity and intra-day variability pattern, contributes the most part to the observation error. This contribution is assessed by the short-term stability of the BR-DCB, which ranges from 0.06 to 0.17 TECU in a single day. (b) Moreover, it has been shown that the remaining part of the observation errors presents a sidereal time cycle pattern, indicating that the geodetic model inaccuracies, especially the multipath, can have a small impact on the FL4 observables.
3. Finally, by comparing the amplitude of the receiver DCB variation with respect to other error sources presented in this and in other works, we conclude that estimating receiver DCB as a daily constant can have a mis-modeling error of at least several tenths of 1 TECU. 
